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Abstract-This letter reports on InP/GaInP quantum dot mode-
locked lasers emitting in the 730 nm wavelength region, extending 
the spectral range of previously reported monolithic mode-locked 
edge-emitting lasers. Modal gain and absorption measurements 
were used to identify a relatively broad spectrum which is utilised 
to support passive mode-locking in a monolithically integrated 
two-section ridge laser. The conditions for mode-locking were 
explored by varying the current to the gain section and reverse 
bias to the absorber section. For a total cavity length of 3 mm, the 
shortest pulse train observed was 6 ps in duration with a repetition 
rate of 12.55 GHz.  
Index terms-mode-locked laser diode, monolithic integration, 
InP quantum dots 
I. INTRODUCTION 
EMICONDUCTOR quantum-dots (QDs) materials have 
demonstrated great promise for ultrashort optical pulse 
generation and amplification, owing to their broad optical 
gain/absorption spectra, resulting from their inhomogeneous 
dot size distribution, as well as fast carrier dynamics. Previous 
work on electrically pumped QD mode-locked lasers (MLLs) 
has focused primarily on InAs QDs emitting in the infrared 
spectral region, targeting the C- or O-bands [1]-[3]. On the 
other hand, InP/GaInP QDs materials have allowed to 
successfully access the visible range in the red spectral region, 
driven by pulsed current sources [4]-[8]. InP/GaInP QD 
materials have also shown ultrafast absorption recovery times, 
which has allowed their use as semiconductor saturable 
absorber mirrors, for example, to mode-lock Ti: Sapphire 
lasers [9]. In addition, the gain recovery time for InP QDs has 
been shown to be even faster than for InAs QDs, dominated 
by a sub-200 fs component [10]. The potential for ultrafast 
electrically-pumped monolithic mode-locked QD lasers 
operating at visible wavelengths where there are numerous 
applications requiring short optical pulses have yet to be  
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exploited. These include high-resolution biomedical 
fluorescence imaging, targeted cell transfection and 
biological nanosurgery, all of which would benefit from more 
compact and lower-cost optical sources [11]-[13]. To date, the 
shortest wavelengths in the red 
side of the visible spectrum accessed by monolithic 
electrically-pumped MLLs were 760 nm and 752 nm [14], 
[15], using AlGaAs multi-quantum-well structures.      
Here we report broad optical gain and absorption spectra 
for InP/GaInP QDs and demonstrate passive mode-locking in 
monolithic integrated two-section lasers using this material, 
enabling the first demonstration of ultrashort pulse generation 
from electrically-pumped QD lasers around 730 nm. 
Subsequently, this is the shortest wavelength on the red side 
of the visible spectrum to ever be accessed by a monolithic 
integrated passive mode-locked edge-emitting laser.  
II. DEVICE STRUCTURE AND FABRICATION 
The laser structure, as shown in Fig. 1(a), was grown by 
metal-organic chemical vapour deposition (MOCVD) on 
n-GaAs (100) substrates oriented 10° off toward <111>A, 
using trimethyl precursors for the group III elements and 
AsH3 and PH3 as precursors of the group V elements. The 
active region consisted of five dots-in-well (DWELL) layers, 
where each layer of dots was formed from 7.5 Å of InP self-
assembled QDs on an (Al0.3Ga0.7)0.51In0.49P matrix and then 
covered with a 8 nm Ga0.51In0.49P quantum well. Separate 
samples grown with a similar recipe were found to have a dot 
density of 1010 cm-2 [16]. A 16 nm (Al0.3Ga0.7)0.51In0.49P 
barrier separated each DWELL layer. The remainder of the 
waveguide was formed by 100 nm un-doped 
(Al0.3Ga0.7)0.51In0.49P separate confinement heterostructure 
(SCH) layers and 1000 nm Al0.51In0.49P cladding layers, doped 
with Si and Zn for n- and p-types, respectively. Finally, a 300 
nm highly p-doped cap-layer of GaAs was deposited as the 
top contact.  
The MLLs were fabricated by firstly patterning 2 μm wide 
shallow-etched ridge-waveguides by electron beam 
lithography and dry-etching using a chlorine-based 
inductively coupled plasma (ICP) process which was stopped 
just above the active region. A gap between the gain section 
and saturable absorber (SA) was defined with a width of 20 
μm, with the top contact p-GaAs layer in the gap removed to 
achieve sufficient electrical isolation. The ridges were then 
planarized by spin-coating benzocyclobutene (BCB), 
followed with a back-etch process utilizing fluorine-based 
reactive ion etching until the ridge top was fully exposed. 
Cr/Au was then deposited as a p-contact metal and 
AuGe/Ni/Au was deposited on the substrate-side after lapping 
to 100 μm, to form the n-contact.  
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Fig. 1. (a) InP/GaInP QD laser structure, (b) schematic of monolithic 
integrated two section passive MLL, with inset SEM image showing the 
cross-section profile of ridge cavity prior to the BCB planarization, the scale 
bar is 2 μm, (c) optical microscope image of a 3 mm long MLL. 
Fig. 1(b) shows a diagram of a fabricated InP QD MLL, 
and a scanning electron microscope (SEM) image of the 
cross-section profile of the ridge before the BCB planarization. 
The epitaxial layers and the GaAs substrate can be easily 
distinguished, and the active region can be identified under 
the ridge. Finally, the fabricated chip was cleaved into laser 
bars, then mounted and wire-bonded on transistor-outline (TO) 
headers for measurements. MLLs were cleaved with a total 
cavity length of 3 mm comprising of a 2.4 mm gain section, 
0.6 mm saturable absorber (SA) section and with uncoated 
as-cleaved facets. An optical microscope image of a 
completed MLL is shown in Fig. 1(c), where the bonding 
wires can be seen, with two wires bonded on each side of the 
ridge in the gain section for a uniform current supply. Non-
lasing oxide-isolated stripe broad-area segmented contact 
devices, with 50 μm wide and 600 μm long contacts, were also 
fabricated to study the material’s optical properties. 
III. RESULTS AND ANALYSIS 
The segmented contact method was used to determine the 
material’s optical gain and absorption spectra by comparing 
the amplified spontaneous emission (ASE) from two contact 
sections with identical length [17]. The front two sections 
were driven by a pulsed current source, with 1.0 µs pulse 
length and 0.1% duty cycle to avoid self-heating. To eliminate 
round-trip amplification, the non-lasing test structures were 
fabricated with contact stripes orientated perpendicular to the 
10˚off-axis facet.  
Fig. 2(a) shows the net modal gain and absorption spectra 
measured at room temperature. Increasing the injection 
current per section from 80 mA (0.27 kA/cm2) to 150 mA (0.5 
kA/cm2) broadens the gain spectra bandwidth (full-width 
half-maximum - FWHM) from 14 nm to 29 nm. The internal 
optical loss,   , taken at wavelengths beyond the band-edge 
was found to be ~6 cm-1. The absorption curve shown in Fig. 
2(a) (black dashed line) was determined by separately 
pumping (forward biasing) each of the front two sections of a 
segmented contact device in-turn and comparing the ASE, as 
described in [17]. The sections not being pumped are 
grounded and therefore the resulting spectrum shown 
represents the modal absorption at 0V i.e. without reverse bias.  
Fig. 2(b) plots the peak net modal gain values and the 
corresponded peak wavelength respective to the injection 
currents. The peak net modal gain of -1.55 cm-1 at 40 mA 
(0.13 kA/cm2) is increased to 6.5 cm-1 at 150 mA (0.5 kA/cm2), 
whereas the peak wavelength is blue-shifted from 726 nm to 
713 nm. This is largely due to state-filling of inhomogeneous 
distributions of energy states associated with the ensemble of 
small and large dot sizes. Recombination from the excited dot 
states at shorter wavelengths starts to play a role at higher 
injection currents [18]. These broad gain and absorption 
spectra show the potential to support the generation of 
ultrashort pulses. 
 
Fig. 2. Experimental results of (a) optical net modal gain and absorption of 
InP/GaInP QD laser materials and plots of (b) peak net gain values (circles) 
and the corresponding gain spectra peak wavelength (triangles) under the 
corresponding injection current.  
To measure the light-current (L-I) characteristics of the 
MLLs, the gain section was forward biased with continuous 
waveform (CW) current injection, whilst the SA section was 
driven with either a forward current injection, unbiased 
(floating), or under reverse bias conditions. The single-facet 
laser power was measured using an integrating sphere and all 
results were taken at a device heatsink temperature of 10℃ 
unless otherwise stated. As can be seen from the results shown 
in Fig. 3, with the SA section forward biased, the MLL 
operates as Fabry-Perot (FP) laser with a threshold current of 
14 mA, reaching an optical power of over 10 mW at 90 mA. 
When reverse bias was applied to the SA section, a reduction 
in power was observed, decreasing to 4.8 mW and 2 mW 
when the SA section was biased to -1 V and -3 V respectively, 
whilst maintaining a constant gain section current of 90 mA. 
Abrupt changes in the L-I characteristic can be observed 
above threshold due to the presence of and the transfer 
between multiple lateral modes [19]. However, when the 
reverse bias is increased beyond 2 V the L-I characteristics 
get smoother, which is likely due to the attenuation of the 
unwanted lateral modes by enhanced absorption. 
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Fig. 3. L-I curves of a 3 mm long InP/GaInP MLL with the gain section 
forward biased and the SA under various bias conditions. 
To characterise the mode-locking performance, the 
emission from the front facet (gain section) was first 
collimated then focused by a second lens to allow coupling 
into a 1×2 single-mode fibre splitter, with 80% and 20% 
output ports connected to a fast photodetector and an optical 
spectrum analyser, respectively. The fast photodetector was 
connected to an electrical spectrum analyser and a flip-mirror 
was implemented such that the beam could be either coupled 
into the fibre mentioned above or directed to the 
autocorrelator, operating in non-collinear mode. This setup 
allowed the repetition frequency, lasing spectrum and pulse 
width to be visualized at the same time, under identical bias 
conditions. An optical isolator and a half-wave plate were 
included to minimize feedback to the device and maintain the 
appropriate polarization direction. 
The shortest pulse duration measured from a 3 mm cavity 
length MLL was achieved at a gain section drive current of 80 
mA and 2.74 V SA reverse bias. The corresponding radio 
frequency (RF) electrical spectrum, autocorrelator signal and 
the lasing spectrum are shown in Fig. 4 (a) – (b), respectively. 
A repetition frequency of 12.55 GHz was obtained with the 
RF signal intensity over 50 dB as shown in Fig. 4 (a). The 3-
dB bandwidth of the RF peak was 21 kHz, measured with a 
scanning span of 10 MHz and resolution bandwidth (RBW) 
of 1 kHz. The inset figure shows the RF signals from a wider 
scan range with the RBW of 100 kHz. A very strong second 
harmonic RF peak at 25.1 GHz is also clearly seen. Fig. 4 (b) 
shows the autocorrelation signal measured from the pulse 
(solid red) and its secant squared fit result (dashed blue). The 
pulse-width of 6 ps can be determined from the FWHM of the 
autocorrelation trace. The inset figure shows the measured 
lasing spectrum from the optical spectrum analyser, where the 
peak lasing wavelength is 734.69 nm and the FWHM is 0.18 
nm. The average single-facet power, measured after the 
optical isolator, exceeded 1.74 mW and the corresponding 
peak power was over 23 mW.  
Fig. 5 shows the evolution of the pulse-width with reverse 
bias where the gain current was fixed to 80 mA. The pink 
(triangles) data points indicate the pulse-width measured at 
each reverse bias and showing a decreasing trend from 15.6 ps 
at 1.06 V reverse bias down to 6 ps at 2.74 V. This is due to 
the reduction in the absorption recovery time which is induced 
by a faster carrier sweep-out time at higher reverse biases [20]. 
Time bandwidth products (TBP) of these pulses were also 
calculated and plotted in Fig. 5 (circles), showing that all 
values are below 0.6, with the smallest of 0.35 approaching 
the theoretical transform-limit of 0.315, assuming a sech2-
shaped pulse. This implies that although some chirp may exist 
due to the interplay of gain and absorption and self-phase 
modulations [21], these pulses still exhibit stable mode-
locking behaviour. 
 
Fig. 4. Ultrafast pulse characterizations of a 3 mm long InP/GaInP MLL, (a) 
shows the RF spectrum indicating a repetition frequency of 12.55 GHz, (b) 
plots the experimental autocorrelation signal and fit (assuming a sech2 pulse 
shape), resulting in a pulse-width of 6 ps, inset: lasing spectrum with a peak 
of 734.69 nm and FWHM of 0.18 nm. 
 
Fig. 5.  Pulse-widths (triangles) measured at a reverse bias of 1.06 V, 1.41 V, 
1.76 V, 2.16 V, 2.46 V and 2.74 V whereas the gain current was fixed to 80 
mA, and the corresponding time bandwidth product values (circles).  
To further investigate the influence of gain current on the 
mode-locking behaviour, a fixed reverse bias of 1.85 V was 
applied to the SA section whilst the gain current was increased 
gradually. Fig. 6 compares autocorrelation traces and the 
corresponding optical spectra measured with gain currents of 
75 mA, 80 mA and 85 mA. A decrease in pulse-width from 
20 ps to 8 ps was observed with increasing gain current. 
Simultaneously, the lasing wavelength was blue-shifted from 
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735.6 nm to 733.2 nm, which we attribute to the higher 
injection currents allowing the optical gain peak to shift to 
shorter wavelengths. This state-filling phenomenon also is in 
line with the gain measurement results shown in Fig. 2 and 
suggests the gain is not fully clamped over the QD ensemble 
under these lasing conditions.   
While the measured pulse lengths approaches those 
predicted from the time-bandwidth product, we note that the 
broad optical gain spectrum of Fig. 2 is not being exploited 
effectively in these devices with a lasing spectrum width of 
only 0.18 nm (Fig. 4). We postulate that the limitation is the 
manner in which carriers are distributed across the dot states 
rather than dispersion or effects associated with the alpha 
factor. Therefore, while measured pulse lengths are 
appropriate for applications, we expect that further progress 
on shortening pulse width should be possible with significant 
improvement in the gain available from the quantum dots, the 
concomitant reduction in carrier density at threshold and 
improved carrier localisation.  
 
Fig. 6.  Pulse-widths and optical spectra measured at 75 mA, 80 mA and 85 
mA gain current, the reverse bias was fixed to 1.85 V.  
IV. CONCLUSION      
In summary, monolithic integrated passive MLLs emitting 
around 730 nm have been demonstrated. The shortest pulse 
generated from a MLL with a 3 mm cavity length was 6 ps 
with a 12.55 GHz repetition rate. This work demonstrates the 
potential of using this InP/GaInP QD materials to achieve low 
cost and compact MLLs as ultrafast light sources, opening up 
a new range of functionalities for MLLs by pushing the 
spectral boundaries into the visible region, which is highly 
relevant in biomedical imaging and cell biology applications. 
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